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“This world faces us with the impossibility of knowing it directly...It is a 
world whose nature cannot be comprehended by our human powers of mental 
conception.”
-  Maxwell Planck
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A b s tr a c t
Reported herein are the syntheses and characterizations for a number of 
new families of compounds containing the main group metal indium in its 
relatively uncommon univalent oxidation state.
Starting from the known half-sandwich compound Cp*ln, (Cp* = 
pentamethylcyclopentadienyl) it is possible to effect a clean and facile cleavage 
of the organic ring from the metal with the addition of a non-oxidizing Bronstead 
acid. Once removal of the hydrocarbon by-product is accomplished, the metal is 
left in a binary salt with the conjugate base of the Bronstead acid used. This 
protonolysis approach is a versatile method allowing for easy selection of a wide 
variety of anions, although to date only a series of indium(l) sulfonate salts as 
well as the BF4 salt have been shown to be stable species through this synthesis.
Although there is a lack of successful attempts at coordination of Lewis 
bases to indium(l) in the literature, it seemed prudent to attempt to do so with a 
donor not before considered. Combination of the protonolysis product InOTf (OTf 
= trifluoromethanesulfonate, triflate) with 18-crown-6 (18C6) yields the simple 
coordination complex InOTf-18C6. In addition to being the first coordination 
complex of indium(l), this compound also shows enhanced reactivity. Exposure 
to chloroform leads to activation of a C-CI bond, yielding a trivalent crown- 
coordinated metal which now also possesses chloride and dichloromethyl 
ligands. Crown ethers also serve to stabilize the first rationally synthesized 
indium-indium donor-acceptor adduct, through reaction with ln2Cl4 . The 
compound contains a dinuclear indium core of the form CI-ln-lnCI3, with the 
crown ether coordinate to the indium(l) center.
Finally, combination of InOTf with certain electron-deficient metallocenes 
leads to rather unprecedented partial-oxidation reactions. Reaction with Cp2Mn 
(Cp = cyclopentadienyl) results in the formation of [ln (//,^5-Cp)ln]+ [Cp3ln 
Cp)lnCp3]', which empirically is a valence isomer of “Cp2ln”. Reaction with the 
[Cp2Fe]+ gives rise to the mixed valent “subtriflate” salt [ln]+3 [ln(OTf)6]'3, which is 
the a rare example of a metal atom bearing six separate triflate fragments.
i v
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Conversely, the reaction with the electron-rich Cp2Co leads to a one-electron 
reduction of the indium to its elemental form, and the isolation of [Cp2Co][OTf],
v
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C h a p te r  1: In tr o d u c tio n  to  Un iv a le n t  In d iu m  C h e m is tr y
1.1 Introduction
The oxidation state of an atom has long been held as one of the primary 
methods of predicting various properties and reactivities that it will exhibit. The 
ability to correlate reactivity with oxidation state stems from the fact that a 
chemical reaction at its most basic level simply consists of a series of electronic 
interactions between various atomic centers. These electronic interactions are 
directed between atoms based upon their arrangement, abundance and 
electronic configuration; given this information, a chemist is usually able to make 
a reasonable prediction as to what the outcome of a given reaction should be.
Typically, the formal oxidation state of an atom is defined as the theoretical 
charge it would have if all of the bonds to it were broken heterolytically, with the 
electrons remaining on the element of higher electronegativity. Consequently, 
bonds between two atoms of the same element do not contribute towards the 
oxidation state of either atom. For many elements in the periodic table multiple 
oxidation states are routinely observed, while for other elements only a few 
particular oxidation states are common. For example, carbon can regularly be 
found in oxidation states ranging anywhere from +4 (CCU) to -4 (CH4), while 
magnesium on the other hand is found only in the 0 (metallic Mg) or +2 (Mg+2 ion) 
states. However, most elements in the periodic table fall somewhere in between 
these two extremes, having a few oxidation states that predominate the majority 
of their compounds, with a smaller number of compounds exemplifying more 
exotic oxidation states. One example of this sort of atom is chlorine, which 
typically is present in either the 0 (Cl2) or -1 (Cl' ion, or any organic chloride) 
oxidation states. In addition to these two forms, chlorine can also adopt a large 
number of positive oxidation states, being +1 (CIF), +3 (CIF4'), +4 (CI02), +5 
(CIF4+) and +7 (HCI04).
One phenomenon influencing the stability of certain oxidation states of the 
heavier main group elements is known as the inert pair effect. This stems from 
the fact that the first two electrons to fill the valence shell of the atom will fill an s-
1
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orbital that is significantly lower in energy than the corresponding p-orbitals. 
Consequently, this electron pair is harder to remove from the atom, thus 
stabilizing the oxidation state containing only s electrons in the valence shell. A 
couple of examples of oxidation states stabilized by this phenomenon are tin(ll) 
and telerium(IV).
Where group 13 elements are concerned, the inert pair effect gives rise to 
a relatively stable E(l) oxidation state in addition to their more common E(lll) 
state. The electronic differences between compounds containing E(l) versus 
those containing E(lll) lead to dramatically different chemical behaviors. Since 
neutral E(lll) compounds contain a formally empty orbital they exhibit the ability to 
act as an electron pair acceptor, which is commonly referred to as Lewis acidity. 
These compounds are in fact very commonly used as the archetypes of Lewis 
acids when the concept is being taught to novice chemists. The relatively rare 
compounds involving E(l) centers also contain empty orbitals that are potential 
electron acceptor sites, however the lone pair that now exists on the atom can be 
donated to another acceptor, thus acting as Lewis bases while still retaining 
Lewis acidity (Figure 1).
Figure 1. Depiction of the electron accepting and electron donating abilities of 
the orbitals on E(l) species.
According to periodic trends, the stability of the E(l) state relative to the 
E(lll) state increases with atomic number,111 thus the number of E(l) compounds 
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boron to thallium. Tl(l) in particular has a great many compounds known, and 
this can be attributed to the fact that Tl(l) is generally more stable than Tl(lll). 
This greater stability is a consequence of the relativistic effects that commonly 
influence the electronic properties of the heaviest elements on the periodic table. 
Since thallium is the only case where E(l) is more stable than E(lll), it is 
thermodynamically favorable for all of the other group 13 elements to undergo 
disproportionation as shown in Equation 1.
E(l) -> % E° + 1/ 3 E(lll) (1)
For group 13 elements there are a surprising number of different classes 
of compounds containing E(l) centers. Numerous cluster compounds containing 
boron and aluminum have been reported, however, fewer examples of heavier 
analogues exist. This can be attributed to the more stable E(l) species requiring 
less electronic stabilization through intramolecular homoatomic bonding. Most 
commonly, boron clusters are ligated by c-bonding groups such as halogens12, 3] 
or alkyl groups.14"61 The halogen clusters in particular show a remarkable variety 
with respect to the number of different closo (clusters in which each vertex of the 
parent polyhedron contains a boron atom) structures observed.[7'10]
In a similar fashion to boron, cluster compounds of aluminum have also 
been reported with a variety of stabilizing ligands.111"14] Additionally aluminum, 
gallium and indium can exist as clusters which are ligated by rc-donating Cp’ 
ligands.[15"20] The aluminum Cp* structure exists as a tetrahedral tetramer in the 
solid state,t20] whereas gallium1181 and indium[17] prefer to adopt a hexameric 
octahedral array. In solution and in the gas phase, however, rc-donation from the 
Cp* ligand actually destabilizes the clusters, making the monomeric species 
accessible. In contrast to the Cp*ln example, Cpln does not form multinuclear 
clusters in the solid state, but instead exists as an infinite coordination polymer 
consisting of alternating metal atoms and r|5-coordinated rings.[211 All of the group 
13 half-sandwich metallocenes have been shown to be useful in the preparation
3
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
of heteroatomic main group122'251 and transition metal126'341 clusters as well as 
being ligands for transition metal fragments.132’371
It is noteworthy that there are a number of compounds in the literature of 
the form Cp*E(l)->E’(lll)R3 (E = B, Al, Ga; E’ = E, B).[38’42] These compounds are 
very interesting in that they contain both the E(l) and E(lll) oxidation states, with 
the E(l) atom donating its lone pair to the E’(MI) center. The example where E = 
B is thus far the only known example of a monomeric B(l) center donating into a 
main group Lewis acid (although there are many known examples of transition 
metal-bound borylenes1431). This is an excellent example of the ability of the Cp* 
ligand to impart stability to reactive fragments through both electronic and steric 
means. Although no examples of this sort of behavior have been reported for 
Cp*ln, there is a single analogous example involving an isolobal indium(l) 
tris(pyrazolyl)borate fragment donating its lone pair to indium trichloride.1441
In addition to the other structural motifs mentioned thus far, a number of 
inverse sandwich cations of the form [E-Cp*-E]+ (E = Ga, In) have been reported 
in the literature.145'481 These simple yet interesting molecules are generated via 
the partial protonolysis of the metallocenes Cp*E using half an equivalent of a 
Bronstead acid. The E(l) cation, liberated through the generation of the neutral 
Cp*H hydrocarbon, goes on to accept electron donation from the vacant face of 
the remaining Cp*E molecules. Controlling the size of the counterion in the case 
of the In examples determines whether or not loosely bound r|6 coordinated 
toluene molecules are co-crystallized with the molecule, giving rise to what could 
be considered to be a “triple-decker” cation. It should be noted that the protic 
cleavage of Cp* ligands, although not widely used, is an established method of 
performing metathesis reactions with main group Cp* compounds.1491
Another class of E(l) compounds that has been closely examined within 
the last several years is comprised of a series of neutral and anionic analogues of 
N-heterocyclic carbenes (Figure 2).[50,511 These molecules contain E(l) atoms 
that are chelated by nitrogen ligands of varying sizes, which contain bulky 
substituents and are either mono- or dianionic. The resulting compounds are 
either neutral or monoanionic, respectively. These ligands have been carefully
4
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selected in order to provide both a- as well as rc-donation, so as to force the lone 
pair on the E(l) center into a singlet-type arrangement (Figure 3). The chemistry 
of the 5-membered gallium carbenoid in particular has been rather extensively 
probed, having been shown to be quite nucleophilic through reaction with various 
transition metal fragments such as Fe(CO)5>[52] Cp2Ni and Cp2Co.[53] However, 
the ln(l) carbenoids have yet to be examined through similar reactivity studies.
NCy2




R = 'Bu, Dipp
•R
©
E = Al, Ga, In 
Ar = Dipp
Figure 2. The four- and six-membered neutral, and five-membered anionic 





Figure 3. Electronic structures of singlet (A) and triplet (B) carbenoid species. 
Singlet species involve the lone pair being localized in a a-type orbital, an 
arrangement usually enforced through the used of 7i-donating substituents 
which occupy the perpendicular p-orbital. Triplet species contain no such 
rc-donating substituents, and as such the two electrons occupy different 
orbitals as depicted.
An additional method of isolating stable group 13 compounds in their 
univalent oxidation state involves the use of extremely sterically bulky ligands 
directly attached to the carbenoid metal atom. Such ligands need not chelate the
5
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metal in order to preclude the possibility of extended networks of homoatomic 
bonds, as they simply occupy most of the space around the metal center. By 
tailoring the overall size of the ligand, it is possible to isolate both dimeric,[54,551 as 
well as a monomeric indium(l) containing species.[56] The dimers exist in a bent- 
trans geometry, as would be expected of two interacting singlet species (Figure 
4). Addition of a Lewis acid to these dimers is sufficient to disrupt the In-In 
interaction, giving rise to the simple donor-acceptor adducts.[54] The monomeric 
species also behave as Lewis bases when exposed to Lewis acidic transition 
metal centers.1561
Figure 4. Dimerization of two singlet carbenoid fragments resulting in a bent- 
trans geometry of the organic ligands about the E-E bond axis (dashed
In contrast to the multinuclear cluster compounds discussed thus far, 
research conducted by Schnockel and co-workers has culminated in the isolation 
of a series of monomeric Al(l) and Ga(l) binary halide salts.[57] By utilizing a gas 
phase reactor, aluminum or gallium metal vapor can be treated with HX (X = Cl, 
Br, I) at temperatures of 800-1000 °C in order to form EX (E = Al, Ga) and one 
half equivalent of H2. This material is then condensed out of the gas phase at 
cryogenic temperature in conjunction with solvents, and collected in an 
appropriate vessel for further use in reactions. Although the synthesis of this 
class of molecules is unarguably a significant synthetic achievement in group 13 
chemistry, there are a number of considerable drawbacks to this approach. For 
example, the isolated materials are only metastable; consequently, a portion of 
the solvents that are co-condensed with the EX material must be chosen such 
that they will act as stabilizing electron donors in order to prevent immediate 
disproportionation. Even employing such precautions, the solution obtained must
line).
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be kept below -50 °C to further minimize decomposition. In addition, the gas 
phase reactor required to synthesize these molecules is a relatively uncommon 
and expensive piece of equipment that is not readily available to the synthetic 
community at large. There is currently no alternative method known to obtain 
such species, thus most researchers are precluded from being able to work with 
them on this basis alone.
Other research groups, lacking the tools necessary for Schnockel’s 
synthetic method, are instead able to exploit another avenue to probe the low- 
valent chemistry of gallium. “Gal” was first synthesized in its most common form 
by Green via the sonocation of metallic gallium with one half equivalent of 
elemental iodine in toluene.[58, 59] The bright green powder obtained in this 
manner is air- and moisture-sensitive and, although its reactivities indicate that it 
contains Ga(l) centers, its bulk composition is not well defined. Raman 
spectroscopic studies have determined that “Gal” is in fact comprised of a 
number of gallium subiodides, seemingly predominated by the Ga2[Ga2l6] 
species.[58] In spite of its ill-defined composition, some of the disproportionation 
reactions exhibited by “Gal” do resemble what one would expect if it were the 
simple binary halide salt indicated by its formulation.158,60] Despite its widespread 
use, the overall ill-defined nature of “Gal” makes it a less than ideal choice for 
syntheses involving difficult to prepare or expensive reagents, as unexpected and 
unwanted side reactions would always be a potential concern.
A significant advantage of ln(l) chemistry is that the stabilities of the +1 
and +3 oxidation states are comparable, which is not the case for either Al(l) or 
Ga(l). Because of this, there are a number of univalent ln(l) salts commercially 
available. These InX (X = Cl, Br, I) salts are potentially ready sources of ln(l), 
however a major problem with all of these materials is their near-absolute 
insolubility in any common laboratory solvent that does not cause outright 
disproportionation. A number of binary salts involving other singly charged 
anions such as [CI04],[61] [BF4][61,621 and [PnF6][61,63] (Pn = P, As, Sb) have been 
reported, however in many cases the syntheses are not trivial and all appear to 
have been synthesized simply for the purposes of structural studies rather than
7
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as reagents through which to explore new ln(l) chemistry. Conversely, the halide 
salts have been used in a number of reactivity studies, being shown to perform a 
number of different redox reactions with alkyl halides (discussed further below), 
disulfides, dithietes and In(lll) halides.[64]
Another noteworthy source of Ga(l) and ln(l) is through the use of the 
commercially available divalent halides, “EX2” (E = Ga, In). These materials have 
been proven (except in the case where E = In and X = Cl) to exist in the solid 
state not as the E(ll) species, but as the disproportionated mixed valent salts 
ln[lnX4].[65] While this could be of potential utility if the synthetic target involves or 
could benefit from the presence of the two different oxidation states of the metal 
in question, these materials are otherwise of limited synthetic use as it pertains to 
E(l) chemistry. Interestingly enough, the oxidation states of the metal atoms in 
this material can be manipulated by simple addition of neutral or anionic donors. 
Dissolution in an arene solvent leads to q6 coordination of the arene ring to the 
E(l) center,[66] while addition of halide ions or non-aromatic donors is enough to 
effect a “reverse disproportionation”, or comproportionation, from the E(l)/E(lll) 
arrangement into the corresponding ln(ll) species (Scheme 1).I64'661
Scheme 1. Different bonding modes for E(ll) or E(l)/E(lll) species, as dictated by 
the nature of ligands present.
E[EX4]
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The use of metallic indium in organic synthesis has been studied for over 
10 years.1671 Organoindium chemistry has proven to be a useful tool, allowing the 
organic chemist to access new methods of performing previously known 
reactions such as nucleophilic allylations, propargylations, and Reformatsky 
reactions.167, 68] These reactions typically proceed via the formal oxidative 
insertion of ln° into the R-X bond of a carbon that is a to either a carbon-carbon 
multiple bond or a carbonyl, followed by the transfer of the nucleophilic organic 
fragment to an electrophilic center. Such reactions in non-aqueous media involve 
trivalent organoindium intermediates which typically take the form of R3ln2X3,[691 
where aqueous based systems have been shown to work through a transient 
organoindium(l) fragment.[70] A significant advantage of these organoindium 
reagents over the analogous organolithium or Grignard reagents is that reactions 
proceed in good yield even with substrates such as 2,4-pentanedione, where 
otherwise the more reactive organic fragments would simply abstract the acidic 
proton rather than undergo nucleophilic addition to the carbonyl.[68]
There are also examples in the literature regarding the use of InX salts in 
order to obtain similar organoindium reactivity as just described. Allylindium(lll) 
diiodide can be made directly through the oxidative insertion of Ini into allyl 
iodide, and when used with an electrophilic substrate will transfer the allyl 
fragment with greater efficiency than the analogous reaction using indium 
metal.[71] Univalent indium salts have also shown utility in their ability to abstract 
7i bound allyl ligands from palladium.1721 In these reactions, Pd(PPh3)4 is inserted 
oxidatively into an R-X bond (R = allyl species, X = OAc, Cl, OPh, 0C(=0)0Et, 
OH), and subsequently undergoes a reductive transmetallation with Ini. This 
single transmetallation step both regenerates the Pd(0) catalyst and generates 
the reactive allylindium(lll) species that then goes on to attack the carbonyl group 
of benzaldehyde. Although there is a comparatively small amount of literature on 
the topic, it would appear that organoindium chemistry utilizing ln(l) materials is 
just as useful, if not more than that involving metallic indium.
The chemistry of univalent thallium, contrary to that of its lighter group 13 
homologues, is quite extensive. In light of this, the coordination and
9
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organometallic chemistry of thallium(l) has already been reviewed extensively in 
the literature.173,741
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C h a p te r  2: Sy n t h e s is  o f  N ew  In d iu m (I) S alts  v ia  
P r o to lytic  M e ta th esis  o f  t h e  C p* L ig a n d
2.1 Introduction
The chemistry of group 13 elements in the +1 oxidation state has been an 
area of extensive investigation over the last decade.11 ’ 21 Such compounds are of 
interest both for the fundamental insights they provide and because of their utility 
as reagents or as precursors for the formation of clusters and various materials.13,
4] While Tl(l) salts are commonplace and are useful metathesis reagents, many 
of the lighter homologues are either unknown or have properties that preclude 
their use in synthesis. For example, there are no stable monomeric boron(l) 
halides, and the well-characterized aluminium(l) and gallium(l) halides are 
metastable species that are made in the gas-phase and stabilized with donor 
solvents. 151 The only commonly-used gallium(l) halide is the ill-defined material 
“Gal”, which can be obtained from the sonocation of Ga metal and one half 
equivalent of l2 . [61 While indium(l) halides do exist, the salts are virtually insoluble 
in most organic solvents. Some +2 oxidation state group 13 halides 
disproportionate to +1 and +3 species in aromatic solvents, however these revert 
to the +2 species in the presence of Lewis bases.[7]
2.2 Results and Discussion
Reported in this chapter is the synthesis of InOTf, 1, which is a stable ln(l) 
salt that is soluble in many organic solvents and may be used as an alternative to 
ln(l) halides. In addition, we detail some of our initial results regarding the 
coordination chemistry of this unique source of univalent indium.
Cp*ln + HX -> InX + Cp*H (2)
Protonolysis of Cp’ substituents has proven useful for the synthesis of 
main group cations from groups 13 and 14 cyclopentadienyl compounds.[8'13] In 
this context, the reaction of Cp*ln[14] with triflic acid (HOTf) in toluene solution
15
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results in the elimination of Cp*H and the formation of the colourless salt InOTf 1 
upon concentration. The hygroscopic, air-sensitive salt is isolated in more than 
83% yield after washing with pentane (this yield is relatively low only because of 
mechanical losses) and melts without decomposition at 162-165 °C under an N2 
atmosphere. The 19F NMR spectrum in CeD6 consists of a single resonance at -
79.5 ppm and the 13C NMR spectrum exhibits a quartet at 119.9 ppm (1Jc-f 307 
Hz). Analytical data are consistent with the proposed composition.
Needle-shaped crystals of InOTf that are suitable for X-ray diffraction are 
easily obtained through the concentration of toluene solutions of the salt. The 
asymmetric unit of 1, shown in Figure 5, consists of two independent ion pairs 
each having one particularly short ln- 0  contact of 2.579(6) A or 2.589(6) A. 
Overall, the coordination environment about each In ion is complex, including: 
four close (less than 3 A) contacts to oxygen atoms on different triflate anions 
arranged in a roughly see-saw geometry, and a total of 12 contacts to O and F 
atoms within a 4 A radius. The metrical parameters of the triflate anions are 
consistent with a partially localized SO3 fragment, in that there are two shorter S- 
O distances (1.428(6) and 1 .434(6) A [1.436(6) and 1 .437(7) A]) and a longer 
distance to the O atom that is closest to an In atom (1.462(6) A [1.450(6) A]).
Figure 5. Thermal ellipsoid (30%) plot of the asymmetric unit of InOTf, 1.
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Table 1. Selected bond lengths (A) and angles (°) for 1.
Parameter Parameter Parameter
















A packing diagram of 1, shown in Figure 6 , illustrates that the structure 
consists of columns of In cations that are aligned along the crystallographic a 
axis, and thus possess an In-In distance of 4.9834(4) A. These In cation columns 
are separated from each other by columns of triflate anions. Perhaps the most 
surprising aspect of the crystal structure is the lack of any co-crystallized solvent 
molecules within the lattice. It is well-known that ln(ll) halides of the form ln2X4 
typically disproportionate in aromatic solvents to give [ln][lnX4] salts that 
crystallize with arenes that are ^-coordinated to the univalent In ion. It is likely 
that the numerous contacts between the In ions and the O and F atoms preclude 
the need for arene solvation in 1 .
Figure 6 . Depiction of the crystal structure of 1 showing the columnar nature of 
the [ln]+ and [OTf]' ion packing as viewed down the crystallographic a axis.
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A more economical synthesis of 1 is provided by the reaction of a toluene 
suspension of InCI with a solution of HOTf, followed by the removal of volatiles 
and washing with pentane. This procedure also provides 1 in greater than 80% 
yield with physical and spectroscopic features that are indistinguishable from 
those of the material produced using the protonolysis method described above.
The most important property of InOTf is its incredible solubility in organic 
solvents. For example, 1 is readily soluble in toluene and THF and is somewhat 
less soluble in diethyl ether and dichloromethane. It appears that 1 is only 
virtually insoluble in alkanes such as pentane or hexanes, which is not surprising. 
This enhanced solubility of 1 makes it an extremely useful reagent for low- 
oxidation state indium chemistry and indium cluster chemistry in that it eliminates 
the need for the use of heterogeneous mixtures of reagents.
Products obtained from investigations of the acceptor chemistry of 
univalent group 13 compounds often result from the disproportionation of the 
group 13 metal. [ 1 5 ,161 As an initial study of the acceptor chemistry of the ln(l) salt, 
1 was mixed with triisopropylphosphite in a toluene solution. Although the 31P 
NMR spectrum of the reaction mixture indicates the presence of a coordination 
complex in solution (8 3 1P: broad singlet at 6 .6 ), we have only been able to isolate 
crystals of 1 and free donor upon concentration of the solution. The absence of 
observable disproportionation products in this reaction suggests that the triflate 
salt may be more resistant to redox reactions than are the analogous halide salts, 
however experiments with other donors are currently underway to prove this 
hypothesis.
InOTf was mixed with an equimolar amount of lnOTf3to ascertain whether 
such a reaction would yield the comproportionation ln(ll) product (TfO^ln- 
ln(OTf) 2 2a or the mixed valence salt [ln][ln(OTf)4] 2b. The white powder 
obtained upon concentration of the reaction mixture decomposes at 325 °C and 
has an infrared spectrum that is not consistent with the superposition of the 
spectra of 1 and ln(OTf)3. Furthermore, the 19F NMR spectrum in C6 D6 consists 
of a single resonance at -78.2 ppm and the 13C NMR spectrum displays a quartet 
at 120.6 ppm (1JC-f 317 Hz). Analytical data are consistent with the proposed
18
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composition. While we have not yet been able to obtain crystalline material 
suitable for crystallographic examination to date, the reaction of 2  with two 
equivalents of triisopropylphosphite results in the regeneration of crystalline 1 in 
high yield and the formation of ('PrO)3 P-lnOTf3 (8 31P = 8.4) upon concentration. 
This result, outlined in Scheme 2 , suggests that 2 exists in the mixed valence 
form rather than as an ln(ll) species, which would be expected to provide a 
simple donor-acceptor adduct.
OTf
r  „ p  OTf .^ > 0Tf
\  C > 0Tf 2  R s P -^ m ^
' \  "  X  + -OTf




Scheme 2. Reaction of 2 with a general phosphine resulting in reversion to 1, as
opposed to forming a rearrangement to the covalent ln(ll) alternative.
Another important aspect of the work presented here is the generality of 
the Cp* protonolysis reaction; many strong, non-oxidizing, Bronstead acids are 
appropriate for this synthetic method. For example, the reaction of an ethereal 
solution of HBF4 with Cp*ln in toluene produces the salt lnBF4, 3, in high yield 
(quantitative formation of Cp*H by 1H NMR in C6 D6, 83% isolated product). The 
tetrafluoroborate salt melts without decomposition at 135-137 °C and exhibits 
analytical and spectroscopic data consistent with the proposed formulation. In 
particular the 11B and 19F NMR spectra and the IR spectrum suggest the 
presence of an intact tetrafluoroborate anion in both solution and the solid state. 
Although 3 dissolves in polar solvents, its solubility is generally less than that of 1 
in the solvents we have investigated. Previous work within this field has also 
resulted in the synthesis of 3,[17] and in one case a single-crystal diffraction study 
was performed. 1181 The packing motif of [ln]+ and [BF4]' ions is the same as that 
of KBF4 and similar to that of 1, with columns of the respective ions running 
through the lattice along the b axis.
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In order to further investigate the versatility of the reaction, a series of 
carboxylic and sulfonic acids were reacted with Cp*ln, and are detailed in Table 
2. The viability of the protonolysis was first ascertained through small scale 
investigative reactions (as described in Section 2.3.2), followed by synthetic scale 
preparations.
Table 2. Various sulfonic and carboxylic acids and their viabilities towards Cp*ln 
protonolysis.
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AcOH Dec. - - -
TFA Dec. - - -
PhC02H Dec. - - -
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Although the formation of Cp*H was observed in the 1H NMR spectra for 
all of the investigative reactions, only the reactions involving the sulfonic acids 
yielded stable products. In the case of acetic and trifluoroacetic acids, immediate 
deposition of metallic indium occurred, while reaction with benzoic acid resulted 
in the immediate formation of an intense reddish brown color that faded in a short 
period of time and deposited a blackened precipitate. In these cases, it was 
evident that some sort of decomposition had occurred and, as such, no effort was 
made to isolate or identify the resulting products.
The products resulting from reaction with the various organosulfonic acids 
were isolated as solids whose melting points varied considerably from the parent 
acid. In addition, the presence of the organosulfonate anions has been 
confirmed through the use of ESI-MS. Unfortunately, these indium(l) 
organosulfonates suffer from an extreme lack of solubility in common laboratory 
solvents, and thus characterization through NMR and single-crystal XRD is not 
possible.
It should be noted that in a similar fashion to the synthesis of 1, it is 
anticipated that compound 1, as well as compounds 3-7 can also be synthesized 
through the use of either Cpln[20] or InCI in place of Cp*ln. In some cases, the 
preparation of salts using InCI as a source of univalent indium will lead to lengthy 
reaction times. This extended reaction time will vary with the strength of the acid 
involved however, with stronger acids more readily able to protonate the chloride 
ions present. It is this formation of molecular HCI that will ultimately drive the 
reaction forward, as any reverse reaction involving reprotonation of the 
Bronstead acid will become moot as the lighter diatomic molecule escapes into 
the atmosphere above the reaction mixture.
In addition to allowing variation in the nature of the anion, the protonolysis 
approach may also be useful for the synthesis of the lighter group 13 analogues. 
In this context, we are presently investigating analogous Cp* protonolysis 
reactions using Cp*AI[21] and Cp*Ga[22] to determine if this relatively facile 
synthetic method can be applied to the synthesis of lighter, and typically less 
stable, univalent group 13 reagents. Fisher et al. have already shown that it is
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possible to utilize protonolysis in order to prepare an inverse sandwich cation 
involving gallium of the form [Ga(//2 , 7̂ -Cp*)Ga]+.[12]
In conclusion, we have prepared a new series of ln(l) salts, some of which 
are remarkably soluble in organic solvents and may be used as alternatives to 
ln(l) halides. The donor, acceptor and metathesis chemistry of these and related 
salts is currently under investigation.
2.3 Experimental
2.3.1 General Procedures
All manipulations were performed under a purified nitrogen atmosphere. 
Small scale investigative protonolysis reactions were performed in an inert- 
atmosphere glovebox to first ascertain whether a particular acid would yield a 
viable product, while all preparative scale reactions utilized standard Schlenk 
techniques unless otherwise noted. Solvents were dried via a Grubbs-type 
solvent system1231 and sparged with dry nitrogen immediately prior to use. All 
reagents were obtained from either Aldrich or Strem and were used as received 
except for the following. 1,5-Naphthalenedisulfonic acid and p-toluenesulfonic 
acid was purchased as the tetrahydrate and dehydrate respectively, and were 
dried under dynamic vacuum at 100 °C overnight. Mesitylenesulfonic acid was 
purchased as the dehydrate and dried under dynamic vacuum at 70 °C overnight. 
Slight discoloration occurred in the case of the mesitylenesulfonic acid, however 
the material was used without further purification. NMR spectra were recorded at 
room temperature on a Bruker Avance 300 MHz spectrometer, with chemical 
shifts being reported in ppm relative to external standards (SiMe4 for 1H and 13C, 
CFCI3 for 19F). Unfortunately, solubility problems prevented the acquisition of 
NMR data for many of the organosulfonate salts. Melting points were obtained 
using an Electrothermal® melting point apparatus on samples sealed in glass 
capillaries under dry nitrogen or argon. Infrared spectra were obtained as nujol 
mulls on KBr plates using a Bruker FT-IR spectrometer. Suitable single crystals 
of 1 were covered with mineral oil and mounted in the 174 K N2 stream of a
22
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Bruker Apex CCD diffractometer equipped with a Mo Ka radiation (A = 0.71073 A) 
source. The structure was solved by direct methods and refined using full matrix, 
least squares on F2; collection details are outlined in Table 3 below.
Table 3. Summary of collection and refinement data for the X-ray diffraction 
investigation of 1 .
Compound 1
Empirical fomula CF3 ln 0 3S














p (calc., g mL'3) 2.993
Absorption coefficient (mm'1) 4.389
F(000) 488
0  range for data collection (°) 1.20 to 27.51
- 6  < h < 6
Limiting indices -9 < k < 9




Data / restraints / parameters 2 6 1 9 /0 /1 6 3
R1 = 0.0479
Final R  indices[/>2o(/)]a wR2 = 0.1213
R1 = 0.0499
R  indices (all data)
wR2 = 0.1225
Goodness-of-fit (S)b on F2 1.314
Largest diff. peak and hole (e A'3) 1.185 a n d -1.156
am  (F) = X(|F0| - |FC|)/X|F0|} for reflections with F0  > 4(o(F0)). wR2{F^) = {Zw{\F0\2 -
|Fc|2 )2 /Ew(|F0|2)2}1/2, where w is the weight given each reflection. b S = [Lw(\F0\2 - |Fc|2 )2 ]/(n -p )1/2,
where n is the number of reflections and p is the number of parameters used.
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2.3.2 General Investigative Protonolysis Reactions
Investigative protonolysis reactions typically performed in an NMR tube, 
and consisted of ca. 20 mg of Cp*ln dissolved in benzene-d6 (ca. 2 mL), to which 
the protic acid was added dropwise (liquids) or in very small amounts (solids) 
until it appeared that the yellow color had all been consumed. The 1H NMR was 
then obtained, where it could be determined whether or not the Cp*H 
hydrocarbon had formed.
2.3.3 Indium(l) Triflate, InOTf, 1
Method A.
A solution of HOTf (0.308 g, 2.05 mmol) in toluene (15 mL) was added 
dropwise to an equimolar solution of Cp*ln (0.514 g, 2.05 mmol) in toluene (30 
mL). The vessel containing the HOTf solution was then rinsed with 3 x 5 mL of 
toluene to ensure quantitative transfer. A fine white precipitate was observed to 
form immediately, and the reaction was stirred overnight. All volatiles were then 
removed in vacuo and the product was isolated as a white powder (0.450 g, 1.70 
mmol) in 83% yield.
M.P.: 162- 165 °C
13C NMR (C6 D6) 6: 119.9 (q, 1JC-f=318 Hz) ppm 
19F NMR (C6 D6) 6: -79.5 (s) ppm
IR (cm'1): 1299s, 1198s, 1025s, 800m, 750w, 638s, 583w, 526m, 510m.
Elemental Analysis (CF3 ln0 3 S, 263.88 g mol'1), Calc.: C 4.55%; O 18.19%; F 
21.60%; S 12.15%. Found: C 4.55%; O 17.75%; F 22.24%; S 12.14%.
Method B.
A solution of HOTf (0.946 g, 6.30 mmol) in toluene (20 mL) was added to a 
stirring suspension of powdered InCI (0.956 g, 6.63 mmol) in toluene (80 mL). 
The vessel containing the HOTf solution was then rinsed with 3 x 5 mL of toluene 
to ensure quantitative transfer. A fine white precipitate was observed to form 
after approximately 30 min, and the reaction was stirred overnight under a stream 
of nitrogen gas. All volatiles were then removed in vacuo and the product was
24
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
isolated as a white powder (1.614 g, 6.117 mmol) in 97% yield. All 
characterization data for the product obtained with this method is consistent with 
the material formed using Method A.
2.3.4 Indium(l) Tetrakistriflatoindate, ln[ln(OTf)4], 2
A solution of InOTf (0.204 g, 0.773 mmol) in toluene (ca. 15 mL) was 
added to a suspension of ln(OTf)3  (0.436 g, 0.776 mmol) in toluene (ca. 15 mL) 
and allowed to stir overnight. All volatiles were then removed in vacuo and the 
product was obtained as a white powder (0.638 g, 0.772 mmol) in 99% yield.
M.P.: 325 °C (dec.)
19F NMR 8 : -78.2 ppm
13C NMR 8 : 120.6 ppm (q, 1JC-f, 317 Hz)
IR (crrf1): 1318s, 1204s, 1164m, 1138m, 1029s, 992w, 663m, 519w.
Elemental Analysis (C4 F12 ln2 0 i 2S4 , 825.92 g mol'1), Calc.: C 5.82%; O 22.25%; F 
27.60%; S 15.53%. Found: C 5.73%; O 23.50%; F 28.20%; S 16.10%.
2.3.5 Indium(l) Tetrafluoroborate, lnBF4, 3
Method A
A solution of 54% HBF4 in Et20  (0.201 g, 1.24 mmol) was dissolved in 
toluene (15 mL) and added dropwise to a solution of Cp*ln (0.280 g, 1.12 mmol) 
in toluene (20 mL). A white precipitate was observed immediately, and the 
reaction was stirred overnight. All volatiles were then removed in vacuo and the 
product was isolated as a cream colored powder (0.149 g, 0.73 mmol) in 53% 
yield.
M.P.: 135-137 °C
11B NMR (C6 D6) 8 : -1.36 ppm (sharp s)
19F NMR (C6 D6) 8 : -153.2 ppm (s)
IR (cm'1): 1278w, 1019s(br), 795w, 761w, 514w.
Elemental Analysis (BF4 ln, 201.62 g mol'1), Calc.: F 37.69%. Found: F 37.36%.
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Method B
A solution of 54% HBF4 in Et2<3 (3.851 g, 23.68 mmol) was syringed 
directly into a stirring suspension of powdered InCI (3.417 g, 22.74 mmol) in 
toluene (125 mL). The reaction mixture was then refluxed for ca. 1.5 h, during 
which a white solid was observed to form. All volatiles were then removed in 
vacuo and the product was isolated as a cream colored powder (4.131 g, 20.49 
mmol) in 90% yield. All characterization data for the product obtained with this 
method is consistent with the material formed using Method A.
2.3.6 Indium(l) Methanesulfonate, ln[M eS03], 4
A solution of MeS03H (82 mg, 0.85 mmol) in diethyl ether (3 mL) was 
slowly added to a stirring solution of Cp*ln (213 mg, 0.852 mmol) in toluene (2 
mL) to result in the immediate loss of the yellow solution and the deposition of a 
white precipitate. The vessel which the MeS03H solution had been contained in 
was rinsed into the reaction mixture with diethyl ether until a total reaction mixture 
volume of 12 mL. All volatiles were then removed in vacuo to yield the product 
as a white powder (171 mg, 0.815 mmol) in 96% yield.
M.P.: 66.2-69.9 °C
ESI-MS (m/z): 94.9724 (MeS03', 94.9803)
2.3.7 Indium(l) p-Toluenesulfonate, ln[p-TolS03], 5
Cp*ln (126 mg, 0.504 mmol) was dissolved in toluene (ca. 5 mL) in a 
sample vial in an inert atmosphere glovebox. p-Toluenesulfonic acid (87 mg, 
0.51 mmol) was added directly to the solution. The yellow color of Cp*ln was 
observed to disappear nearly immediately, and the reaction was stirred for ca. 30 
minutes to ensure completion of the reaction. All volatiles were then removed in 
vacuo to afford the product as a white powder (99 mg, 0.35 mmol) in 69% yield. 
M.P.: ca. 155-160 °C (dec.)
ESI-MS (m/z): 171.0177 (p-TolS03‘, 171.0116)
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2.3.8 Indium(l) Mesitylenesulfonate, ln[M esS03], 6
Cp*ln (182 mg, 0.728 mmol) was dissolved in a 1:4 mixture of 
Et20/toluene (5 mL) in a sample vial in an inert atmosphere glovebox. 
Mesitylenesulfonic acid (132 mg, 0.713 mmol) was added directly to the solution. 
The yellow color of Cp*ln was observed to disappear nearly immediately, and the 
reaction was stirred for ca. 30 minutes to ensure completion of the reaction. All 
volatiles were then removed in vacuo to afford the product as a white powder 
(221 mg, 0.704 mmol) in 98% yield.
M.P.: 274.6-281.9 °C (dec.)
ESI-MS (m/z): 199.0479 (MesSOs', 199.0429)
2.3.9 Indium(l) 1,5-Naphthalenedisulfonate, [ln]2[Naph(S03)2], 7
A 7:3 mixture of Et2 0/toluene (10 mL) was added to a solid mixture of 
Cp*ln (254 mg, 1.02 mmol) and 1,5-Naphthalenedisulfonic acid (49 mg, 0.24 
mmol). The reaction mixture was allowed to stir overnight at 0 °C, after which all 
volatile components were removed in vacuo to afford the product as a beige 
powder (207 mg, 0.401 mmol) in 80% yield.
M.P.: >80 °C (gradual dec.)
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C h a p te r  3: C r o w n  Et h e r  L ig a tio n  o f  In d iu m (I) S alts
3.1 Introduction
The chemistry of group 13 elements in oxidation states lower than +3 has 
been a subject of increasing importance in main group chemistry over the last 2 0  
years. In particular, attention has focused on the chemistry of compounds 
containing group 13 elements in their +1 oxidation state, and this venue of 
research could serve to benefit both fundamental and practical aspects of 
chemistry.11' 31 The presence of the lone pair of electrons on E(l) (Scheme 3A) 
often makes the normally Lewis-acidic group 13 center behave as a Lewis base 
instead. Such altered reactivity means that compounds containing E(l) centers 
can be used as ligands for main group[4] and transition metal acceptors;15,61 some 
of the coordination complexes thus obtained have proven to be useful precursors 
for the formation of intermetallic and other materials.161
Although sterically-demanding substituents such as terphenyl17,81 or p- 
diketiminate19' 131 ligands have been used to obtain some examples, the vast 
majority of stable monomeric compounds containing E(l) (apart from thallium1141) 
atoms have the group 13 element bonded to either a Cp* ligand1151 or to an 
isolobal tris(pyrazolyl)borate group.1161 These o- and rc-donating substituents 
stabilize the E(l) center by providing sufficient electron density to fill the formally 
vacant p orbitals as illustrated in Scheme 3B. We suspected that monomeric E(l) 
species containing non-bulky, poorly- or non-rc-donating ligands could be 
stabilized by using an appropriately-shaped donor to stabilize the vacant orbitals 
(Scheme 3C). The shape and properties of the polydentate donor ligand are 
important in this context because, while coordination to E(l) centers may appear 
to be trivial in theory, all previous attempts to coordinate donors to potentially 
monomeric E(l) centers have resulted in the disproportionation of the group 13 
compound and the formation of higher-oxidation state products. 117' 191
30
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3.2 Results and Discussion
In the following study, it is demonstrated that properly-sized crown ethers 
are suitable ligands for this task; this approach has afforded the isolation of the 
first example of a monomeric adduct of a true R-E(l) compound with a Lewis 
base. Furthermore, the presence of the crown ethers serves to modify the 
reactivity of the R-E(l) species. Lastly, it is shown that appropriate crown ethers 
can even be used to favor the formation of an R-E(l) environment from higher 
oxidation state precursors.
Scheme 3. Depiction of the empty p-orbitals available on ln(l) atoms (A); and an 
illustration of how both Cp ligands (B) as well as generic Lewis bases (C) 
donate electron density.
Recently, our group reported the synthesis for the salt InOTf, 1 ,[201 which is 
unusually soluble for an inorganic ln(l) salt. The solubility of this reagent in 
organic and particularly aromatic solvents has allowed us to conduct experiments 
using homogeneous solutions and to avoid the heterogeneous conditions often 
caused by the insolubility of ln(l) halides. Thus the reaction of 1 with 18-crown-6, 
(compounds labeled a) or dibenzo-18-crown-6, (compounds labeled b) in toluene 
results in the formation of a colorless solution which produced crystals of the 1 : 1  
coordination complex 8a or 8b upon concentration, as confirmed by 
spectroscopic and analytical methods. The colorless crystals of 8a were 
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is shown in Figure 7 and there are no unusually short intermolecular contacts. 
There are three important features in the structure of 8 a. Primarily, the complex 
still contains ln(l) and 8 a is thus the only example of an intact monomeric ln(l) 
compound acting as a Lewis acid; every previous attempt to ligate bases to ln(l) 
salts have resulted in disproportionation.118,191 Secondly, the In atom is situated 
essentially on the centroid of the 0 6 ring, in marked contrast to the cationic In(lll) 
center in [ln(l)2(18-crown-6)]+.[22] Of further note is the relatively short ln-0(11) 
(011 being the closest oxygen atom on the triflate anion) distance of 2.370(2) A, 
which is considerably shorter than the shortest distance found in 1 of 2.579(6) A. 
In addition, the crystallographic equivalence of the S-0 distances (1.435(2), 
1.432(2) and 1.426(2) A) are consistent with an ionic triflate anion. This suggests 
that 2a is best considered as an isolated contact ion pair in the solid state. This 
interpretation is also consistent with the ionic radii suggested for ln(l) (1.04A) and 
O' 2 (1.40A).I23] All other metrical parameters are as would be predicted given the 









Figure 7. Molecular structure of InOTf-18C6, 8 a. Hydrogen atoms are omitted for 
clarity.
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Table 4. Selected bond lengths (A) and angles (°) for 8a.
Parameter Parameter Parameter
0(11 )-S 1.435(2) 0(12)-S 1.431 (2) 0(13)-S 1.426(2)
0 ( 2 1  )-ln 2.8690(18) 0 (2 2 )-ln 2.8492(18) 0(23)-ln 2.8299(18)
0(24)-ln 2.8513(18) 0(25)-ln 2.9292(18) 0(26)-ln 2.9167(19)
0(11 )-In 2.370(2) S-0(11)-ln 151.39(13)
Contrary to what might be anticipated, the analogous reactions of InCI with 
18-crown-6 or dibenzo-18-crown-6 result in the immediate deposition of In metal 
and the formation of higher oxidation state products. This reactivity clearly 
contrasts with the behavior of 1 and suggests that the presence of the triflate 
substituent grants benefits other than merely increased solubility to such low 
oxidation state reagents.
In addition to forming simple Lewis acid-Lewis base adducts, the crown 
ethers also appear to alter the reactivity of 1. In particular, 1 is soluble in 
dichloromethane and chloroform but does not appear to react with the solvents at 
any appreciable rate. In contrast to this, 8  react rapidly with such molecules 
through formal oxidative insertions into C-CI bonds. This leads to the formation 
of compounds 9, as outlined in Scheme 4. In the case of 9b, crystalline material 
suitable for X-ray analysis was obtained; the resultant molecular structure is 
displayed in Figure 8 .
rV '"'* tV . n*
1 CHCI3  r O  ■ „  ' O -
I 1 --------- Cl—r-------------- In:— J-CHCIp
o '  : ' o  o  ; ' o
^ V  ^ V
Scheme 4. Formal oxidative insertion of [ln-18C6]+ into a C-CI bond of
chloroform.
The molecular structure of 9b consists of distinct cations of the form [(Cl- 
ln-CHCl2)-DB18C6] and triflate anions. There are no unusually short interionic 
distances, and the metrical parameters of the anion are consistent with it being
33
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
present in a non-coordinating fashion. Although the structure of the cation is 
unique, it is as would be predicted on the basis of ionic and covalent radii. For 
example, the smaller In(lll) ion is offset from the center of the 0 6 ring to allow for 
four shorter ln-0 contacts (2.517(5) to 2.550(5) A) which leaves two much longer 
ln-0 distances (2.738(5) and 2.756(5) A). The ln(l)-CI distance of 2.304(2) A is 
one of the shortest such distances yet reported1241 however the ln(lll)-C distance 
of 2.174(7) A is typical of such bond distances125,261 reported in the CSD.[27] The 
minor deviation of the Cl-ln-C angle from linearity (171.82(19)°) is consistent with 
the asymmetric ligation of the In center by the crown ether. All other structural 







Figure 8 . Molecular structure of 9b. Most of the hydrogen atoms are omitted for 
clarity and two additional molecules of chloroform are not shown.
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Table 5. Selected bond lengths (A) and angles (°) for 9b.
Parameter Parameter Parameter
C(11)-ln(1) 2.174(7) Cl(1)-ln(1) 2.304(2)
C(11 )-CI(11) 1.717(8) C(11 )-CI(12) 1.747(7)
0 ( 1 1  )-ln(1 ) 2.528(5) 0 ( 1 2 )-ln(1 ) 2.517(5) 0(13)-ln(1) 2.738(5)
0 (1 4)-ln(1) 2.756(5) 0(15)-ln(1) 2.533(5) 0(16)-ln(1) 2.550(5)
0(1 )-S 1.438(6) 0(2)-S 1.424(7) 0(3)-S 1.425(7)
C(11)-ln(1)-CI(1) 171.81(19)
While the structural details of 9b have been explicitly elucidated, the 
mechanism through which the oxidative addition occurs remains to be 
determined. Overall, it is postulated that the enhanced reactivity with 
chlorocarbons of 8  versus 1 may result from the crown ether limiting the amount 
of agglomeration of 1 in solution. Considering this, it is possible that ligation of 
ln(l) species by crown ethers may be used to significantly alter the reactivity of 
this important class of reagents for certain organic transformations.1281
According to X-ray data, the reactivity displayed by 8b towards chloroform 
also occurs with dichloromethane in order to form 10b. With the exception of the 
presence of a -CH2CI group on the In(lll) atom in place of a -CHCI2 group, the 
cation is analogous to that of 9b. Where the structures differ however, is in the 
nature of the anion. While the cation within 9b retains its triflate counterion, 10b 
contains a square-based pyramidal [lnCI(OTf) 4 ] ' 2 dianion. The structure of 10b is 
shown in Figure 9, and although this sort of bonding motif for In(lll) is not entirely 
unknown, 1291 it is a surprising result considering the less complicated reactivity 
exhibited through the formation of 9b. It should be noted that the data for this 
compound is not of high quality, although it is sufficient to determine the 
connectivity of each atom unambiguously. It should also be mentioned that it is 
possible that this crystal is simply a minor product which happened to be picked 
out of the sample of crystalline material obtained. While this issue could normally 
be resolved with the simple acquisition of a powder pattern of the bulk sample to 
compare against the calculated pattern of the structure obtained, such 
experiments are precluded by the propensity for indium to absorb the wavelength
35
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Figure 9 . Obtained molecular structures for the [(CI-ln-CH2CI)-DB18C6]+ cation 
and [lnCI(OTf) 4 ] '2 dianion contained in 10b.
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Finally, crown ethers have also proven useful in providing a new method to 
generate ln(l) centers from ln(ll) reagents. It is well-known that ln2Cl4 exists as 
the mixed valence ln(l)-ln(lll) salt [ln][lnCI4] in the presence of certain arenes 
(Scheme 5A) , 130,311 however the reaction of such salts with ethers or other donors 
yield complexes containing ln(ll)-ln(ll) interactions (Scheme 5B).[31] In contrast, 
the reaction of ln2Cl4 with dibenzo-18-crown-6 produces the ln(l)-ln(lll) donor- 























Scheme 5. Various bonding motifs for the compound ln2Cl4 .
Crystals of 11b were obtained by slowly concentrating a toluene solution 
of the reaction mixture; the molecular structure of the adduct is shown in Figure 
10. The structure consists of a mixed valent dinuclear indium core of the form Cl- 
ln-lnCl3 where the crown ether is symmetrically coordinated to the ln(l) center. 
As could be expected, the In-In distance of 2.7020(12) A is towards the short end 
of the range of In-In distances found in the CSD[34] and is shorter than the 
distance of 2.748(4) A observed in the only other In-In donor acceptor complex of 
this type.t35] The ln(l)-CI distance of 2.324(3) A is somewhat shorter than the
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In(lll)-Cl distances, but is still typical of terminal bonds between these atoms.[36] 
As with the structure of 8a, the ln(l) center sits essentially in the center of the 0 6 
ring of the crown ether, and the Cl-ln(l)-ln(lll) angle of 177.12(9)° is consistent 
with the expected linear geometry.
Figure 10. Molecular structure of 11b. Hydrogen atoms are omitted for clarity. 
Table 6. Selected bond lengths (A) and angles (°) for 11b.
Parameter Parameter Parameter
ln(1 )-ln(2 ) 2.7020(12) Cl(1)-ln(1) 2.324(3)
Cl(2)-ln(2) 2.408(3) Cl(3)-ln(2) 2.372(3) Cl(4)-ln(2) 2.377(3)
ln(1 )-0 (1 ) 2.548(8) ln(1 )-0 (2 ) 2.652(8) ln(1)-0(3) 2.691(8)
ln(1)-0(4) 2.650(9) ln(1)-0(5) 2.754(8) ln(1 )-0 (6 ) 2.696(8)
Cl(1)-ln(1)-ln(2) 177.12(9)
CI(3)-ln(2)-CI(4) 104.82(14) CI(3)-ln(2)-CI(2) 102.52(12) CI(4)-ln(2)-CI(2) 103.19(13)
Cl(3)-ln(2)-ln(1) 116.77(9) Cl(4)-ln(2)-ln(1) 113.50(9) Cl(2)-ln(2)-ln(1) 114.47(9)
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It is likely that the adoption of the donor-acceptor structure 11b over the 
more common valence isomers (A and B depicted in Scheme 5) is attributable to 
the size and shape of the crown ether. Overall, the crown ether alters the 
thermodynamic preference for the covalent ln(ll)-ln(ll) form1371 and has allowed 
the isolation of a homoleptic donor-acceptor isomer for the first time. Although 
the reaction of ln2CI4 with 18-crown-6 more than likely produces the analogous 
compound 11a, we have not yet been able to obtain material suitable for single­
crystal experiments.
In conclusion, crown ether ligation has been proven to be a new, 
convenient and mild method for the preparation and stabilization of ln(l) 
compounds. This approach has allowed for the first observation of two 
unprecedented types of structural types and it is our hope that the stabilization or 
activation of low-oxidation state centers using cyclic, polydentate donors will 
increase the availability and practicality of such reagents for use by the larger 
synthetic community. Investigations are currently under way involving the 
application of compounds such as 9 as ligands for main group and transition 
metal complexes; although it does not appear that a reaction with Fe2 (CO)g 
occurs, the possibility remains for coordination to metal fragments. In addition, 
the use of the methods outlined herein to gain access to analogous compounds 
containing the lighter group 13 elements is being examined.
3.3 Experimental
3.3.1 General Procedures
All manipulations were carried out under an inert atmosphere using 
standard Schlenk techniques. Reaction solvents were dried on a series of 
Grubbs-type columns1451 and sparged with dry nitrogen gas immediately prior to 
use. InOTf was synthesized as previously described (Section 2.3.3). Chloroform 
was sparged with dry nitrogen gas and dried by stirring over CaH2, P2Oio, and 
CaH2 in succession. All other chemicals were obtained from Aldrich and were 
used as received. NMR spectra were recorded at room temperature in the
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solvents indicated on a Bruker Avance 300 MHz spectrometer. Chemical shifts 
are reported in ppm relative to external standards (SiMe4 for 1H and 13C, CFCI3 
for 1 9F). Melting points were obtained using an Electrothermal® melting point 
apparatus on samples sealed in glass capillaries under dry nitrogen or argon. 
The high resolution ESI mass spectra were recorded on a Micromass LCT time- 
of-flight spectrometer from appropriate solutions in "lockmass" mode. Please 
note that the reactions described below appear to be quantitative according to all 
spectroscopic data recorded, despite isolated yields of less than 100%. Also 
note that the low solubility of some of the compounds described below preclude 
the acquisition of acceptable 13C NMR spectra; in addition, the signals for the 
carbon atoms of the -CHCI2 and -CF3 groups were not observed in many of the 
13C spectra.
X-ray quality crystals were covered in Nujol and placed rapidly into the 
cold N2 stream of the Kryo-Flex low temperature device. The data were collected 
using the SMART1381 software on a Bruker APEX CCD diffractometer using a 
graphite monochromator with Mo Ka radiation (X = 0.71073 A). A hemisphere of 
data was collected using a counting time of 30 seconds per frame. The data 
were collected at -100 or -150 °C. Details of crystal data, data collection and 
structure refinement are listed below. Data reductions were performed using the 
SAINT1391 software and the data were corrected for absorption using SADABS.1401 
The structures were solved by direct methods using SIR97[41] and refined by full- 
matrix least-squares on F2 with anisotropic displacement parameters for the non­
disordered heavy atoms using SHELXL-971421 and the WINGX[431 software 
package and thermal ellipsoid plots were produced using SHELXTL.[44] 
Collection parameters are compiled in Table 7 below.
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Table 7. Summary of collection and refinement data for the X-ray diffraction 
investigations of 8 a, 9b-2 CHCI3 and 1 1 b.
Compound 8 a 9b-2 CHCI3 1 1 b
Empirical fomula C 1 3 H2 4 F 3 ln 0 9S C2 4 H2 7 CI9 F 3 ln 0 9S C2oH24CI4ln20 6
Formula weight (g mol'1) 528.20 982.42 731.85
Temperature (K) 173 173 713
Wavelength (A) 0.71073 0.71073 0.71073
Crystal system Monoclinic Monoclinic Monoclinic
Space group P 21/n P21/n P 21/c
Unit cell dimensions
a (A) 9.3622(5) 8.8651(13) 10.3560(15)
b (A) 11.9469(7) 17.844(3) 15.261(2)
c (A) 18.4097(10) 23.039(3) 16.348(2)
a  (°) 90 90 90
p n 101.8380(10) 90.327(2) 104.234(2)
Y(°) 90 90 90
Volume (A3) 2015.32(19) 3644.5(9) 2504.5(6)
Z 4 4 4
p (calc., g mL'3) 1.741 1.790 1.941
Absorption coefficient (mm'1) 1.344 1.427 2.302
F(000) 1064 1952 1432
0  range for data collection (°) 2.05 to 27.54 1.44 to 25.00 1.85 to 25.00
- 1 2  < h <  1 2 - 1 0 < h <  1 0 - 1 2 < h <  1 2
Limiting indices -15 < k <  15 -21 < A: < 21 -18 < Ar< 18
-23 < / < 23 -27 < / < 27 -19 < /<  19
Reflections collected 17568 33811 23053
Independent reflections 4631 6424 4413
R in t 0.0250 0.0808 0.0699
Data /  restraints /  parameters 4631 / 0  / 256 6424 /  6  / 437 4 4 1 3 /1 0 2 /2 7 4
R1 = 0.0287 R1 = 0.0826 R1 = 0.0928
Final R  indices[/>2c(/)]a wR2 = 0.0661 wR2 = 0.1767 wR2 = 0.1615
R  indices (all data)
R1 = 0.0304 R1 =0.1126 R1 =0.1032
wR2 = 0.0677 wR2 = 0.1948 wR2 = 0.1649
Goodness-of-fit (S)b on F2 1.218 1.156 1.391
Largest diff. peak and hole (e A'3) 0.616 and -0.670 1.399 and -0.838 1.688 and -1.870
aR1(F) = X(|F0| - \FC\)/Z\F0\] for reflections with F0 > 4(o(F0)). wR2{f* )  = {Zw{\F0\2 -
|Fc|2)2/Zw(|F0|2)2}1/2, where w is the weight given each reflection. b S = [Lw(\F0\2 - |Fc|2)2]/(n -p )1/2, 
where n is the number of reflections and p is the number of parameters used.
3.3.2 Indium(l) Triflate 18-Crown-6 Etherate, lnO TM 8C6, 8a
Toluene (200 ml_) was added to a solid mixture of InOTf (1.035 g, 3.923 
mmol) and 18-crown-6 (1.035 g, 3.916 mmol) in a 250 ml_ Schlenk flask and
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refluxed for approximately 18 hours. The reflux was stopped and all volatiles 
were removed in vacuo, affording the product as a white solid (1.675 g, 3.171 
mmol) in 80.91% isolated yield. X-Ray quality crystals were obtained via slow 
evaporation of a toluene solution of the product.
M.P.: 130-137 °C
1H NMR (C6 D6) 6 : 3.46 (s, CH2) ppm 
13C NMR (C6 D6) 6 : 71.1 (s, CH2) ppm 
19F NMR (C6 D6) 6 : -77.8 (s, CF3) ppm
HRMS (ESI-TOF): m/z calculated for lnCi2 H2 40 6: 379.0612; found: 379.0611 (- 
0 . 2  ppm)
3.3.3 Indium(l) Triflate Dibenzo-18-crown-6 Etherate, 
lnOTf-DB18C6, 8b
Toluene (30 mL) was added to a solid mixture of InOTf (213 mg, 0.807 
mmol) and dibenzo-18-crown-6 (297 mg, 0.825 mmol) in a 100 mL Schlenk flask 
and left stirring for approximately 14 hours. Volatiles were subsequently removed
in vacuo and the product was obtained as an off-white solid (437 mg, 0.700
mmol) in 8 6 .8 % yield.
M.P.: 126-129 °C
1H NMR(C6 D6) 6 : 3.77 (s, 16H, CH2), 6.61 (m, 4H; Ar-H), 6.82 (m, 4H; Ar-H) ppm 
19F NMR(C6 D6) 6 : -77.7 (s; CF3) ppm
HRMS (ESI-TOF): m/z calculated for lnC2oH240 6: 475.0612; found: 475.0627 
(+3.2 ppm)
3.3.4 Chloro(dichloromethyl)lndium(lll) Triflate, 18-Crown-6 
Etherate, [{Clln(CHCI2)}-18C6] [OTf], 9a
Chloroform (40 mL, 500 mmol) was added to lnOTf-Ci2 H2 4C>6 (545 mg, 
1.03 mmol) in a 100 mL Schlenk flask and stirred for approximately 14 hours. 
Volatiles were removed in vacuo and the product was obtained as a white
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powder (575 mg, 0.888 mmol) in 86.2% yield. X-Ray quality crystals were 
obtained via slow evaporation of a chloroform solution of the product.
M.P.: 193.8-195.0°C
1H NMR (CDCIs) 5: 3.93 (s, 24H, CH2), 5.91 (s, 1 H, CHCI2) ppm 
13C NMR(CDCI3) 5: 70.1 (s, CH2) ppm 
19F NMR (CDCIs) 5: -78.6 (s; CF3) ppm
HRMS (ESI-TOF): m/z calculated for InCisH^OeCb: 496.9755, found: 496.9743 
(-2.5 ppm)
3.3.5 Chloro(dichloromethyl)lndium(lll) Triflate, Dibenzo-18- 
Crown-6 Etherate, [{Clln(CHCI2)}*DB18C6] [OTf], 9b
Chloroform (40 mL, 500 mmol) was added to lnOTf-C2 0H2 4O6 (565 mg, 
0.905 mmol) in a 100 mL Schlenk flask and stirred for approximately 14 hours. 
Volatiles were removed in vacuo and the product was obtained as a white 
powder (507 mg, 0.682 mmol) in 75.4% yield. X-Ray quality crystals (of the bis 
CHCb solvate) were obtained via slow evaporation of a chloroform solution of the 
product.
M.P.: 129-135 °C
1H NMR (CDCI3) 5: 4.16 (m, 16H, CH2), 6.92 (m, 8 H, Ar-H) ppm
13C NMR(CDCI3) 6 : 6 8 . 8  (s, CH2), 70.0 (s, CH2), 113.8 (s, p-Ar), 121.7 (s, a-Ar),
148.6 (s, O-Cai-) ppm
19F NMR (CDCI3 ) 5: -78.2 (s, CF3) ppm
HRMS (ESI-TOF): m/z calculated for lnC2 1H2 5 0 6CI3: 592.9755, found: 592.9745 
(-1 . 8  ppm)
3.3.6 Indium(l) Chloride-lndium(lll) Chloride Adduct, 18-Crown-6 
Etherate, lnCllnCI3-18C6,11a
Toluene (40 mL) was added to a solid mixture of ln2Cl4 (495 mg, 1.33 
mmol) and 18-crown-6 (346 mg, 1.31 mmol) in a 100 mL Schlenk flask and 
stirred for approximately 16 hours. Volatiles were removed in vacuo and the
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product was obtained as an off-white powder (808 mg, 1.27 mmol) in 96.9% 
isolated yield.
M.P.: 303-313 °C (dec.)
1H NMR (CDCIs) 6 : 3.70 (s; CH2) ppm
3.3.7 Indium(l) Chloride-lndium(lll) Chloride Adduct, Dibenzo-18- 
Crown-6 Etherate, lnCllnCI3-DB18C6,11b
Toluene (40 mL) was added to a solid mixture of ln2Cl4 (548 mg, 1.48 
mmol) and dibenzo-18-crown-6 (532 mg, 1.48 mmol) in a 100 mL Schlenk flask 
and stirred for approximately 16 hours. Volatiles were removed in vacuo and the 
product was obtained as a white powder (1.036 g, 1.420 mmol) in 95.9% yield. 
X-Ray quality crystals were obtained via slow evaporation of a dichloromethane 
solution of the product.
M.P.: 195-199 °C
1H NMR (CDCIs) S: 4.03 (m, 8 H, CH2), 4.16 (m, 8 H, CH2), 6 . 8 8  (broad, s, 8 H, Ar- 
H) ppm
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C h a p te r  4: R e d o x  C h e m is tr y  o f  In d iu m (I) T r ifla te
4.1 Introduction
The oxidation state of an element has a significant effect on the structural 
features and reactivity of the compound in which it is found. By definition, an 
element in a low oxidation state has a greater number of electrons associated 
with it than it would in a higher oxidation state; this additional electron density can 
completely alter the chemistry of compounds containing such atoms. For 
example the +3 oxidation state is the most stable for most of the elements of 
group 13, causing neutral molecules which include such fragments to behave as 
Lewis acids. In contrast, the relatively rare compounds that contain group 13 
elements in the +1 oxidation state can behave either as Lewis bases or Lewis 
acids, as previously illustrated in Chapter 1. The potential of using E(l) 
compounds, especially various cyclopentadienyl compounds of the type Cp'E,[1] 
as ligands for transition metal and main group acceptors has been exploited 
significantly since the late 1990's for the synthesis of new catalysts or materials 
precursors.12,31
The full potential of the chemistry of compounds containing group 13 
elements in the + 1  oxidation state has not been realized, in part because of the 
lack of convenient starting materials other than certain organometallic E(l) 
reagents.13'41 Well-characterized oligomeric E(l) halides for E = B, Al and Ga are 
made via gas-phase reactions requiring a special apparatus and the materials 
are often only meta-stable. 15,61 The often used compound "Gal"171 has been 
shown to consist of neither the structure nor the composition suggested by the 
indicated formula .181 In contrast to the lighter analogues, thallium(l) salts are 
generally more stable than their thallium(lll) analogues because of relativistic 
effects. For indium, simple halide salts of both +1 and +3 oxidation states are 
available, however the ln(l) salts suffer in their utility from being virtually insoluble 
in most common organic solvents. 141 Our group has previously reported the facile 
synthesis of the unusually soluble salt indium(l) triflate, 1, which is an improved 
starting material over the binary halide salts.191 This sort of improvement in
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starting material is a necessary starting point for our investigation and exploitation 
of low oxidation state group 13 chemistry. Herein, we report some unique and 
unexpected reactivity that we have discovered using this new reagent.
4.2 Results and Discussion
In 2002, Wagner reported the unanticipated synthesis of the coordination 
polymer 12 from the reaction of ferrocene (Cp2 Fe) with GaCI3 . [101 The 
coordination polymer almost certainly resulted from the reduction of GaCI3 to 
Ga2CI4, which is known to disproportionate to form [Ga]+[GaCI4r  in the presence 
of aromatic molecules (in this case ferrocene); each Ga(l) center is coordinated 
by two arenes to produce 12, as depicted in Scheme 6 . The behavior and 
structure of arene complexes of Ga(l), ln(l) and Tl(l) have been examined and 
reviewed by Schmidbaur[11] and Tuck.[4] In this context, we wished to investigate 













Scheme 6. Reaction of GaCI3 with ferrocene to yield the coordination polymer 
[Ga(Cp2 Fe)][GaCI4].
With the initial hope of obtaining a coordination polymer analogous to 12,
toluene solutions containing equimolar amounts of InOTf and Cp2Fe were mixed.
The color of the solution remained orange and 1H, 13C and 19F NMR spectra did
not reveal any changes from the starting materials. Removal of all of the volatile
substances under vacuum yielded a mixture of colorless and orange crystals
which were identified as the starting materials. The fact that the reaction did not
form an arene-complex coordination polymer is more than likely a consequence
of the stability of the InOTf crystal lattice, which contains numerous ln-0 contacts
that fill the coordination sphere of each In atom and thus renders additional arene
48
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coordination unnecessary. This interpretation is consistent with the complete 
lack of arene molecules incorporated into the crystal lattice of 1 , even when 
crystallized from toluene.[9]
The reaction of InOTf with cobaltocene proceeds in quite a predictable 
fashion. When a solution of Cp2Co in toluene is mixed with an equimolar solution 
of 1 , the deep purple color of the cobaltocene solution immediately disappears 
and is replaced by a bright yellow color, in addition to the generation of a fine 
grey precipitate. Removal of the precipitate by filtration generates a clear yellow 
filtrate from which yellow crystalline material characterized as [Cp2Co][OTf], 13, is 
obtained upon concentration. The grey precipitate was identified as indium metal 
through its melting point, and as such the reaction is easily understood as being a 
single-electron reduction of ln(l) to ln° with the complimentary oxidation of Co(ll) 
to Co(lll). The high isolated yield of 13 suggests that this reaction is essentially 
quantitative and may therefore be of preparative utility.
The solid state structure of 13, the asymmetric unit of which is depicted in 
Figure 11, contains three distinct triflate anions all located at general positions 
within the unit cell. Two of the cobaltocenium cations ([Cp2Co]+), whose metal 
atoms are denoted Co1 and Co2 , are also located at general positions while two 
half-cations are located with the metal center directly on inversion centers 
present at (0 ,1/2 , 0), (Co3), and (0, 0, 0), (Co4).
Each of the triflate anions contain crystallographically indistinguishable S- 
O contact lengths, which are consistent with the completely delocalized structure 
that one would expect to find in non-interacting triflate anion. Although the Cp- 
centroid-Co distances are virtually identical in all of the cations [1.629(4)-1.637(4) 
A], the conformations of the cations vary somewhat depending on the symmetry 
requirements of their position within the crystal lattice. The inversion centers 
occupied by Co3 and Co4 require that the staggered conformations adopted by 
the Cp rings are rigidly enforced. Conversely, the cations containing Co1 and 
Co2, which as mentioned lie at general positions, are slightly rotated from a 
perfectly staggered arrangement (ca. 10° and 7° for Co1 and Co2 respectively). 
On the whole, structural components of 3 are consistent with those reported for
49
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similar structures within the CSD1121 and are compiled in Table 8 . Also contained 
within the lattice are a number of weak C-H O interactions.
F32









7%D(C32A 0 '  
C34A^J^31A






Figure 11. Ball and stick representation of the asymmetric unit within the crystal 
structure of [Cp2Co][OTf], 13. Hydrogen atoms have been omitted.
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Table 8. Selected bond lengths (A) for 13.
Parameter Parameter Parameter
Co1-C11 2.029 (7) Co2-C21 2.023 (7) Co3-C31 2.035 (7)
Co1-C12 2.025 (7) Co2-C22 2.020 (7) Co3-C32 2.022 (7)
Co1-C13 2 . 0 1 2  (8 ) Co2-C23 2.027 (7) Co3-C33 2.023 (7)
Co1-C14 2.027 (7) Co2-C24 2.038 (7) Co3-C34 2.020 (7)
Co1-C15 2.031 (7) Co2-C25 2.020 (7) C03-C35 2.019 (7)
Co1-C16 2.028 (8 ) C02-C26 2.018 (7) Co4-C41 2.017(9)
Co1-C17 2.034 (7) C02-C27 2.032 (7) Co4-C42 2 . 0 2 2  (8 )
Co1-C18 2 . 0 1 1  (8 ) C02-C28 2.029 (8 ) C04-C43 2.010(7)
Co1-C19 2 . 0 2 2  (8 ) Co2-C29 2 . 0 1 1  (8 ) Co4-C44 2.007 (8 )
Co1-C110 2.038 (7) CO2-C210 2.016(7) C04-C45 2 .0 1 0 (8 )
S1-011 1.439 (5) S 2-011 1.446 (5) S 3-011 1.431 (5)
S1-012 1.434 (5) S2-012 1.441 (5) S3-012 1.431 (6 )
S1-013 1.434 (6 ) S2-013 1.431 (6 ) S3-013 1.438 (5)
In contrast to the lack of reaction with Cp2 Fe and the simple redox 
chemistry exhibited with CP2C0 , the reaction of manganocene (CpaMn) and InOTf 
resulted in the production of completely unexpected products. Stirring an 
equimolar toluene solution of 1 and Cp2Mn rapidly formed a bright yellow solution 
that fades with time and deposits a colorless precipitate. While the composition 
of the extremely air-sensitive precipitate has yet to be confirmed, concentration of 
the yellow solution results in the formation of extremely air-sensitive yellow 
crystals suitable for analysis by X-ray diffraction. The crystals were identified as 
[ln (//,^ 5-Cp)ln]+[Cp3 ln { // ,^ 7-Cp)lnCp3r ,  14, and the structure obtained from the 
crystal data is shown in Figure 12; pertinent metrical parameters are collected in 
Table 9.
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Figure 12. Ball and stick representation of [ln(//2 ,/75-Cp)ln]+[Cp3 ln(//2 ,77)- 
Cp)lnCp3]~ 14. Hydrogen atoms have been omitted for clarity.
Table 9. Selected bond lengths (A) and angles (°) in 14.
Parameter Parameter Parameter
C(11)-ln(2) 2.253(3) C(31)-ln(2) 2.280(3) C(21)-ln(2) 2.276(3)
C(11)-C(15) 1.424(5) C(31 )-C(32) 1.420(5) C(21)-C(22) 1.416(5)
C(11)-C(12) 1.447(5) C(31)-C(35) 1.429(5) C(21 )-C(25) 1.436(5)
C(12)-C(13) 1.349(6) C(32)-C(33) 1.348(6) C(22)-C(23) 1.358(6)
C(13)-C(14) 1.390(6) C(33)-C(34) 1.380(7) C(23)-C(24) 1.391 (6 )
C(14)-C(15) 1.344(5) C(34)-C(35) 1.357(6)
C(41)-ln(2) 2.431(3)
ln(2)-C(31)-H(31) 97(3) ln(1)-C(5n)cen, 2.659(3) C(41)-C(43) 1.399(4)
ln(2)-C(41)-H(41) 92(2) C(41 )-C(42) 1.423(5)
ln(2)-C(11)-H(11) 94(3) C(42)-C(42A) 1.343(7)
ln(2)-C(21)-H(21) 1 0 0 (2 ) C(43A)-C(41 A) 1.399(4)
The structure of 14 consists of an inverse sandwich cation containing two 
ln(l) centers which are ^-coordinated by opposite faces of a bridging Cp ligand, 
and a dinuclear mono-anion involving two lnCp3 fragments bridged in an i f  
fashion by another Cp ring. The Cp ring in the cation (labelled with C(51)) sits on
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an inversion center (X(1)) at the coordinates (0.25, 0.75, 0.5) and is extremely 
disordered. The indium atoms in the cation are located at a distance of 2.659(3) 
A from the inversion center. In addition, there are also significantly longer 
contacts between the ln(1 ) atoms and the 7i-systems of the Cp rings on adjacent 
anions; the metal to centroid distances being 3.050 A, 3.178 A and 3.669 A. 
These four Cp rings are arranged in a roughly tetrahedral manner about the ln(1) 
atom. While the [ln(//2 ,/75-Cp)ln]+ cation has not been reported previously, the 
metrical parameters in the cation are consistent with those expected on the basis 
of those observed in the related ln(l)-containing species. For example, the ln(l)- 
centroid distance of 14 lies almost exactly halfway between the short (2.609 and 
2.629 A, respectively) and long (2.771 and 2.667 A, respectively) ln(l)-centroid 
contacts in the two structures reported previously for the neutral coordination 
polymer Cpln .113,141 Furthermore, the ln(l)-centroid distance in 14 is significantly 
longer than those (2.435 to 2.528 A) reported for the cations 
Cp*)ln]+.[15,16] This is to be expected, as the increased electron density available 
from the Cp* ligand over Cp will necessitate a stronger interaction with the metal, 
which results in a shorter contact distance.
The structure of the anion in 14 is unique and is depicted in Figure 13. 
The anion consists of two indium atoms that are each coordinated by three o- 
bonded Cp rings and that are linked to each other by a bridging bis-^?-Cp ring 
situated on a crystallographic 2 axis. The locations of the hydrogen atoms on the 
ipso-carbon atoms of the o-bonded groups, as well as each of the hydrogen 
atoms on the bridging ring, were used in conjunction with the metrical parameters 
of the carbon skeletons to assign the hapticities of the rings. While the anion is 
without precedent, the structural features are similar to those reported for the 
neutral coordination polymer lnCp3 . [171 In particular, the In-C distances to the a- 
bonded Cp ligands of 2.253(3) to 2.280(3) A in 14 are only marginally longer than 
the 2.229(4) A in lnCp3 and the 2.431(3) A In-C distance to the bridging Cp is 
somewhat shorter than the 2.482(4) A in lnCp3.
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Figure 13. Thermal ellipsoid plot (30% probability surface) of the anion in 14.
The empirical formula for 14 is C i0 H10ln and as such can be considered to 
be the solid state form of "Cp2 ln". There is no question that, based on the 
structural evidence, the ions in 14 are best described as a mixed valence indium 
species containing ln(l) and In(lll) centers in the solid state. In solution, however, 
only one broad signal is observed in both the 1H and 13C NMR spectra (even at 
temperatures as low as -90 °C). This indicates that all of the Cp rings are 
equivalent on the NMR timescale, and thus an alternative structural arrangement 
must be present in solution. Such behavior is consistent with the chemistry of the 
ln(ll) halides, 141 and it is important to note that the chemical shifts observed for 14 
are essentially the same as those reported by Beachley et al. for the 1:1 mixture 
of Cpln and Cpsln.1171 In that case, it was thought that the mechanism that 
causes each of the Cp groups to be equivalent may involve the formation of the 
ln(ll) intermediate Cp2 ln-lnCp2. Since it has previously been demonstrated that 
the presence of Cp groups tends to destabilize E(ll) arrangements of this sort (for 
E = B, Al) in favor of possible E(I)E(III) valence isomers, 118'201 and given the
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structure of the anion in 14 found in the solid state, we propose that a more likely 
mechanism involves the formation of ions of [ln(l)]+ and [Cp4 ln(lll)]~. The 
relationship between the various possible valence isomers of 14 is outlined in 
Scheme 7. It is believed that the rearrangement of the simple ln(l)ln(lll) salt into 
the observed ionic structures may simply stem from the fact that the crystal 
packing is more efficient with more comparable sized ions; such a process 
appears to require less rearrangement for the simple ionic isomer than for either 
the donor-acceptor or the covalent isomers.
Cp Cp 




















Scheme 7. Various theoretical bonding motifs for the compound ln2Cp4.
While the process through which 14 is formed from Cp2Mn and 1 requires 
further elucidation, the reaction clearly involves the transmetallation of Cp rings 
from the metallocene in addition to the oxidation of some of the indium(l) centers. 
Unfortunately, attempts to synthesize 14 directly through the reaction of ln2CI4 
and CpLi were unsuccessful. We are currently investigating other methods of 
making 14 from ln2CI4, however our attempts to date have not been successful. 
As such, it appears as if the best current method of its preparation is the reaction 
of Cpln with Cp3 ln.[17]
Because of the unexpected nature of the reaction of InOTf with 
manganocene, it was decided to examine the reaction of InOTf with a salt
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1145
containing a metallocenium cation isoelectronic with manganocene, namely the 
ferrocenium salt [Cp2 Fe][PF6]. The reaction of an equimolar amount of 1 with 
[Cp2 Fe][PF6] results in the formation of an intense blue solution. Filtration of the 
reaction mixture and removal of volatile compounds under vacuum yielded a 
mixture of colorless and orange crystalline materials. The orange crystals were 
identified as ferrocene and the colorless crystals were characterized as the 
mixed-valent salt [ln]3 [ln(OTf)6], 15. Although the other reaction product(s) 
remain unidentified, a possible balanced equation for the reaction is Equation (3).
6  InOTf + 2 [Cp2 Fe][PF6] [ln]3 [ln(OTf)6] + 2  Cp2Fe + 2 “[ln][PFe]" (3)
This “indium subtriflate”, 15, is depicted in Figure 14 and important 
metrical parameters are collected in Table 10. Overall, the structure contains 
three different types of indium atoms: a distorted octahedral [ln(OTf) 6 ] ' 3 anion 
labelled as ln(1); an ln(l) cation labelled as ln(3) that is also coordinated by a 
pseudo-octahedral array of O contacts to triflate groups on adjoining anions; and 
there are two ln(l) cations (labelled as ln(2 )) that are ^-coordinated by the co­
crystallized toluene molecules in the structure, in addition to having close 
contacts with O atoms from the triflate groups on the trianion. The ion packing, 
as shown in Figure 15, can be rationalized in the following manner: (1 ) the In(lll) 
octahedra are tethered to one another by the ln(l) ions to form chains of 
alternating ln(l)-ln(lll) atoms along the crystallographic c axis; (2 ) the remaining 
ln(l) ions are attached to the alternating chain through close contacts with the OTf 
groups; and (3) the coordination sphere of the "external" ln(l) ions is capped by 
the interactions with the toluene molecules.
Although there are many instances of In(lll) coordinated by octahedral 
arrays of oxygen atoms in the CSD,[20] the [ln(OTf) 6] ‘3 trianion in 15 is unique and 
appears to be one of the only examples containing six triflate anions coordinated 
to any kind of metal atom listed in the CSD. The metrical parameters of the anion 
show that the distances between ln(1 ) and the nearest O atoms, which range 
from 2.113(4) to 2.126(5) A, are typical of ln(lll) - 0  interactions; the average ln- 0
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distance in the CSD is around 2.14 A and the covalent radii for In and 0  are 1 .44 
A and 0.73 A, respectively. 1211 Furthermore, the bonding within the triflate ions 
appears to be somewhat more localized than delocalized in the SO3 framework in 
the sense that each anion has one longer S-0 bond to the 0(n1) atoms that are 
bonded to the ln(1 ) atom and the two remaining S-0 bonds are significantly 
shorter.
The coordination environments around the indium(l) atoms within the 
alternating chain are also approximately octahedral, however the shortest ln(3)-0 
distances, which range from 2.880(7) to 2.920(7) A, are significantly longer than 
those to the indium(lll) center. In fact, while these ln(l)-0 distances do fall within 
the sum of the van der Waals radii for In (1.93 A) and O (1.52 A), all of the 
distances are significantly longer than sum of the covalent radii or the sum of the 




Figure 14. Ball and stick representation of the formula units of 15-2 toluene.
57
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
The coordination environments around the indium(l) ions external to the 
chain are less symmetric than those of the other indium centers, and can be 
viewed as a loose “piano stool” arrangement. Each of the ions labelled ln(2) has 
three ln - 0  contacts ranging from 2.705(6) to 2.847(6) A which are, again, 
significantly longer than the distance predicted for typical single bonds between 
these elements. The coordination sphere of ln(2) also includes an ^6-toluene 
molecule; the distance from the ring centroid to ln(2 ) is around 2.983(10) A which 
is only somewhat longer than the 2.83 A and 2.89 A distances reported for 
[ln(MesH)2]+ by Schmidbaur et al.[22]
Figure 15. Crystalline structure of [ln]3 [ln(OTf)6]-2 toluene, 15-2 toluene; (a) 
shows the alternating chain of In(lll) and ln(l) centers and (b) shows the 
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Table 10. Selected bond distances (A) for [ln]3 [ln(OTf)6]-2 toluene, 15-2 toluene.
Parameter Parameter Parameter
ln(1 )-0 (1 1 ) 2.113(4) ln(1 )-0 (2 1 ) 2.126(5) ln(1)-0(31) 2.121(4)
S(1)-0(11) 1.457(5) S(2)-0(21) 1.451(5) S(3)-0(31) 1.462(5)
S(1)-0(12) 1.422(6) S(2)-0(22) 1.429(6) S(3)-0(32) 1.414(6)
S(1)-0(13) 1.405(7) S(2)-0(23) 1.421(6) S(3)-0(33) 1.412(7)
ln(2 )-0 (1 2 ) 2.705(6) ln(2 )-0 (2 2 ) 2.770(5) ln(2)-0(32) 2.847(6)
ln(3)-0(13) 2.880(7) ln(3)-0(23) 2.902(7) ln(3)-0(33) 2.920(7)
ln(2)-C(2n)cent 2.998(7) in(2)-C(3n)cent 2.983(10)
Although the identities of all of the by-products in the synthesis of 15 have 
yet to be determined, the formation of Cp2Fe and the composition of 15 suggest 
that a plausible process for the reaction almost certainly initially involves the 
oxidation of InOTf to ln2OTf4 by the Fe(lll) to Fe(ll) couple. As suggested in 
Scheme 8 , we surmise that the ln(ll) compound would rearrange to the ionic 
ln(l)ln(lll) alternative in the toluene solution and the interaction of the salt with two 
additional equivalents of the InOTf starting material would yield 15. Although 
initially it had been anticipated that 15 could be synthesized directly through the 
combination of ln(OTf) 3 with three equivalents of InOTf, this has proven to not be 
the case under the conditions utilized thus far.
[Cp2 Fe]+ ln2 OTf4  2  |nOTf
ln0Tf -CP 0r Toluene *  3  [lnI+ + tln(0 Tf)e]3-
[ln]+ [ln(OTf)4]-
Scheme 8. Oxidation of InOTf, 1, by the ferrocenium cation to yield 
[ln]3 [ln(OTf)6], 15.
In conclusion, our initial examination of some of the chemistry of InOTf 
with some first row metallocenes has yielded some surprising and decidedly 
unexpected results. In particular, while the reactions of 1 with 18-electron and 
19-electron species are predictable, the reactions with the 17-electron 
metallocenes result in the oxidation of the ln(l) center and the formation of 
products with unprecedented structures. It appears that the nature of the 
oxidized or partially oxidized products in both 14 and 15 is readily understood in
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the context of the relative stabilities of the possible valence isomeric forms. In 
particular, the putative ln(ll)ln(ll) products appear to be less stable than the 
alternative ln(l)ln(lll) products under the reaction conditions in this investigation. 
The most obvious difference between the reactions that produced 14 and 15 is 
the transmetaliation of the cyclopentadienyl rings from manganocene and the 
retention of the Cp ligands in the ferrocenium system.
4.3 Experimental
4.3.1 General Procedures
All manipulations were carried out under inert atmosphere using standard 
Schlenk techniques. Reaction solvents were dried on a series of Grubbs-type 
columns[23] and sparged with dry nitrogen gas immediately prior to use. InOTf 
was synthesized as previously described (Section 2.3.3). Manganocene and 
cobaltocene were obtained from Strem Chemicals, while [Cp2 Fe][PF6] was 
obtained from Aldrich; all reagents were used as received. NMR spectra were 
recorded at room temperature in the solvents indicated on a Bruker Avance 300 
MHz spectrometer. Chemical shifts are reported in ppm relative to external 
standards (SiMe4 for 1H and 13C, CFCI3 for 19F). Melting points were obtained 
using an Electrothermal® melting point apparatus on samples sealed in glass 
capillaries under dry nitrogen or argon.
Crystal data for 14 and 15 were obtained as follows: in the dry N2
atmosphere of a VAC glovebox, each crystal was selected and mounted in thin-
walled glass capillary tubes. These were subsequently flame-sealed and glued
to brass pins suitable for attachment to a goniometer head. Crystals of 13 were
air-stable, and were manually mounted onto a glass pin attached to the
goniometer head. The data were collected using the SMART[24] software on a
Bruker APEX CCD diffractometer using a graphite monochromator with Mo Ka
radiation (X = 0.71073 A). A hemisphere of data was collected using a counting
time of 10 seconds per frame at 25 °C. Details of crystal data, data collection
and structure refinement are listed in Table 11. Data reductions were performed
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using the SAINTt25] software and the data were corrected for absorption using 
SADABS.[261 The structures were solved by direct methods using SIR97[27] and 
refined by full-matrix least-squares on F2 with anisotropic displacement 
parameters for the non-disordered heavy atoms using SHELXL-97[28] and the 
WinGX[29] software package and both thermal ellipsoid plots and ball and stick 
diagrams were produced using SHELXTL.1301
Table 11. Summary of collection and refinement data for the X-ray diffraction 
investigations of 13,14 and 15-2 toluene.
Compound 13 14 15-2 toluene
Empirical formula C 1 1 H1 0 C0 F 3 O 3 S C4 oH4 0 ln4 D2 0 H1 6 F i 8 ln4 0 1 8 S6
Formula weight (g mol'1) 338.19 980.00 1537.97
Temperature (K) 173(2) 298(2) 298(2)
Wavelength (A) 0.71073 0.71073 0.71073
Crystal system Monoclinic Monoclinic Monoclinic
Space group P21/c C2/c C2/c
Unit cell dimensions:
a (A) 16.326(3) 15.226(3) 21.291(2)
b {  A) 13.119(3) 8.5570(14) 10.4280(13)
c (  A) 17.644(3) 28.316(5) 21.014(3)
« n 90 90 90
P(°) 106.069(2) 99.089(6) 102.409(3)
Y(°) 90 90 90
Volume (A3) 3631.4(12) 3643.1(11) 2407.6(2)
Z 1 2 4 4
p (calc.) (g cm'3) 1.741 1.787 2.242
Absorption coefficient (mm'1) 1.63 2.526 2.411
F(0 0 0 ) 2040 1904 2936
0  range for data collection (°) 3.0 to 27.3 1.46 to 27.49 1.96 to 23.31
- 2 0  < h < 2 0 -19 < A? < 19, -22 < h < 23,
Limiting indices -16 < k <  17 - 1 1  < k <  1 1 , -9 < k <  11,
- 2 2  < / < 2 2 -36 < / < 36 -21 < / < 23
Reflections collected 39731 17055 10991
Independent reflections 8245 4178 3287
R n t 0 . 1 1 1 0.0346 0.0324
Data / restraints / parameters 8 2 4 5 / 0 / 5 1 7 4 1 7 8 / 3 / 2 1 1 3 2 8 7 / 1 0 / 2 6 3
Final R  indices [l>2o(l)]a
R1 =0.0715 
wR2 = 0.1663
R1  = 0.0280 
wR2 = 0.0606
R1 = 0.0400 
wR2 = 0.0973
R  indices (all data)
R  ̂ =0.1692 
wR2 = 0.2122
R\ = 0.0442, 
wR2 = 0.0661
R1 = 0.0675, 
wR2 = 0.1120
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Goodness-of-fit (S)b on F2 1.038 1.019 1.027
Largest diff. peak and hole (e A'3) 1.392 and -0.733 0.647 and -0.446 0.598 and -0.456
aR1 (F) = I ( |F 0| - |FC|)/I|F 0|} for reflections with F0 > 4(o(F0)). wR2(F?) = { Iw (|F 0|2 -
|Fc|2)2/Lw(|F0|2)2}1/2, where w is the weight given each reflection. b S = [Lw(\F0\2 - |Fc|2)2]/(n -p )1/2, 
where n is the number of reflections and p is the number of parameters used.
4.3.2 Cobaltocenium Triflate, [Cp2Co][OTf], 13
A purple solution of CP2C0  (398 mg, 2 . 1  mmol) in CH2CI2 was added to a 
white suspension of InOTf (548 mg, 2.08 mmol) in CH2CI2, resulting in the 
immediate formation of a lemon yellow solution and a fine grey precipitate of 
metallic In. After filtration and rinsing the metal with fresh CH2CI2, the solvent 
was removed in vacuo to yield the product as a bright yellow solid (633 mg, 1.87 
mmol) in 90% yield. X-ray quality crystals were obtained through the slow 
evaporation of a CHCI3 solution of the product at room temperature.
M.P.: 330-331 °C 
1H NMR (CD2CI2) 5: 4.77 (s) ppm 
13C NMR (CD2CI2) 5: 85.5 (s) ppm 
19F NMR (CD2CI2) 5: -79.1 (s) ppm
HRMS (ESI-TOF): m/z calculated for C i0 H10Co: 189.0114, found: 189.0110 (+2.4 
ppm)
Note: low resolution mass spectrometry supports the presence of both the 
[Cp2Co]+ and [OTf]' ions.
4.3.3 [ln(ji2, ri5-Cp)ln] [Cp3ln(p,2, Ti1-Cp)lnCp3], ln4Cp8, 14
Toluene (50 mL) was added to a solid mixture of InOTf (527 mg, 2.00 
mmol) and Cp2Mn (372 mg, 2.01 mmol), to result in the immediate formation of a 
yellow solution. The reaction mixture was left stirring overnight after which a 
fluffy off-white precipitate and small number of brown particles formed. The 
reaction mixture was filtered using a fine frit, and the solvent removed in vacuo to 
isolate the product as a light yellow solid (112 mg, 0.46 mmol) in 23% yield based 
on In. X-ray quality crystals were obtained by the slow evaporation of a toluene 
solution of the compound at room temperature. The hydrogen atoms on the ipso-
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carbon atoms of the terminal Cp groups and those of the bridging Cp group in the 
anion were located in the difference Fourier map and were refined isotropically; 
all other H atoms in both structures were placed in calculated positions. The 
centroid of the bridging Cp group in the [ln (//, 7̂ -Cp)ln] cation is located 
approximately on an inversion center at (0.25, 0.75, 0.5) and the group is thus 
highly disordered. This ring was modeled as a rigid ring with C-C distances of 
1.403 A and C-C-C angles of 108.0° with a site occupancy factor of 0.5.
M.P.: 124-127 °C
1H NMR (C7 H8) 8 : 5.89 (broad, s) ppm 
1H NMR (C6 D6) 8 : 5.98 (broad, s) ppm 
13C NMR (C7 H8) 8 : 105.8 (s) ppm
4.3.4 Indium(l) Hexakis(triflato)indate, [ln]3[ln(OTf)6], 15
Toluene (50 ml_) was added to a solid mixture of InOTf (459 mg, 1.74 
mmol) and [Cp2 Fe][PF6] (191 mg, 0.58 mmol), to form a deep blue solution. After 
stirring overnight, the color changed to a yellow solution with a fine blue 
suspended precipitate. The reaction mixture was filtered and the solvent allowed 
to evaporate to afford colorless crystals (23 mg, 0.02 mmol) in 3.9% yield. It 
should be noted that the isolated yield is based on In after washing 3 times with 
toluene, and that the actual yield is considerably greater. X-ray quality crystals 
(of the bis toluene solvate) were obtained through slow concentration of the 
yellow filtrate. The disorder in the orientation of the toluene molecules was 
refined with models including rigid 6 -membered rings with C-C distances of 1.390 
A and C-C-C angles of 120.0°; refinement of the occupancy of each model 
yielded an approximate 58:42 ratio.
M.P.: 116-119 °C
19F NMR (CDCIs) 8 : -78.8 (s) ppm
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C h a p te r  5: C o n c l u s io n s  a n d  Fu tu r e  W o r k
5.1 Conclusions
It is hoped that through this thesis, a number of new aspects of the 
chemistry of indium in its univalent oxidation state have been established. 
Protonolysis of either Cp*ln or InCI via a variety of non-oxidizing Bronstead acids 
can be used to prepare a wide variety of new salts containing univalent indium. 
These salts, primarily indium(l) triflate, have properties such as enhanced 
solubility and a higher redox stability, that make them amenable for use in further 
investigations of low valent indium chemistry. It is expected that most reactivities 
that previously involved the use of the binary halide salts InX will proceed in a 
similar manner with the new starting materials presented within the first chapter 
of this document.
Indium(l) triflate has been shown to be useful in the formation of several 
new and unprecedented structures and reactivities through the exposure of the 
metal center to the crown ethers 18-crown-6 or dibenzo-18-crown-6. The 
interaction with these macrocyclic polyethers has led to the simple intercalation of 
the metal within the crown cavity, giving rise to the formation of the first 
coordination compounds of univalent indium involving neutral electron donors. In 
addition to being unique species, these coordination compounds exhibit altered 
reactivity compared to the parent salt towards chlorinated solvents. Through 
formal oxidative insertion reactions, activation of a C-CI bond in chloroform or 
dichloromethane can occur. This ultimately results in an In(lll) center coordinated 
by the crown ether, a chloride ion and either a -CHCI2 or -CH2CI fragment 
depending on the starting chlorocarbon. Crown ether ligation has also proven to 
serve as a way of stabilizing the univalent oxidation state of indium. Through 
combination with ln2CI4, the ligand is able to stabilize an ln(l)-ln(lll) donor- 
accepter bonding mode for which only one example had been previously 
reported. 111
In an effort to exploit the ability of arene molecules to coordinate to ln(l), 
reaction with electron deficient metallocenes served to generate two wholly
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unexpected products. Reaction with manganocene led to the formation of ln4 Cp8) 
the empirical formula of which indicates that this can ultimately be referred to as a 
valence isomer of “lnCp2”. This material consists in the solid state of an inverse 
sandwich [ln -(//,7 5 -Cp)-ln]+ cation and a dinuclear [Cp3 ln-(//2 ,/71-Cp)-lnCp3]' 
anion. Although the general structure of the cation is not without precedence, [ 2 , 31 
it is the first example of this sort of bonding arrangement with a bridging Cp 
ligand. Though the structural features of the anion are consistent with those of 
similar compounds, as a discrete structure it is unprecedented. Reaction of 
InOTf with the ferrocenium cation gave rise to a second partial oxidation reaction 
to yield the “indium subtriflate” compound [ln]3 [ln(OTf)6], Although there are 
example of this sort of mixed valent arrangement for indium, this is the first time 
that the [in(OTf) 6] ' 3 trianion has been observed, and indeed is one of the few 
times that any metal has been shown to bear an octahedral arrangement of six 
triflate anions. Converse to these partial oxidation reactions, InOTf shows no 
interaction with ferrocene. Furthermore, a rapid single electron transfer from the 
19-electron cobaltocene occurs to deposit metallic indium and produce the simple 
metallocenium salt [Cp2Co][OTf|.
5.2 Future Work
There are a number of possible venues through which further research on 
this subject may proceed. The potential exists for the exploitation of the oxidative 
insertion chemistry that has long been known to occur with indium(l) halides and 
certain organic bromides, in order to form compounds similar to Grignard 
reagents. The improved solubilities of both InOTf and its crowned derivatives 
could potentially serve to enhance this sort of reaction, as shown in Scheme 9.
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Scheme 9. The nucleophilic addition of an organohalide fragment to a ketone or 
aldehyde to result in the formation of an alcohol, as can theoretically be 
mediated by InOTf (1).
The direct ligation of crown ethers to univalent indium salts is not a 
universally feasible reaction. While attempts to crown both InCI and lnBF4 have 
resulted in immediate disproportionation of the metal, it may be possible to 
circumvent this decomposition. By “pre-crowning” an equimolar amount of Cp*ln 
and performing a subsequent protonolysis with the appropriate Bronstead acid, it 
may be possible to obtain salts of indium(l) that were not previously found to be 
stable on their own or are unable to otherwise tolerate coordination to the parent 
salt. In addition, it should be possible to exploit the lone pair still present on the 
indium(l) atom as a donor to various Lewis acidic fragments, such as transition 
metals, as well as various trivalent group 13 centers.
As with many other groups of the periodic table, similar types of reactivities 
are possible with different members of that group. As such, it should be possible 
to employ similar methods in order to effect the same types of reactivities with 
lighter group 13 analogues such as gallium, and perhaps even aluminum. This 
would potentially go a long way to furthering low oxidation state group 13 
chemistry, as there are currently very few useful starting materials available.
The formal oxidative insertion of lnOTf-DB18C6 into one of the C-CI bonds 
of dichloromethane is clearly a more complex process than that involving 
chloroform. Although the crystal structure obtained accurately depicts the 
connectivities of the fragments involved, it quite obviously does not proceed in a 
1:1 stoichoimetry. Further investigation into the intricacies of this process would 
aid in further understanding of the reactivity of the crowned univalent indium 
species in general.
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The single-electron reaction of InOTf with CP2C0  is a very efficient method 
for generating indium metal from a homogenous solution. It is possible that 
exploiting the quantitative nature of this reaction with dilute solutions of the 
reactants and appropriate structure-directing reagents, such as TOPO, could 
generate nanoparticles of indium metal. Current methods of preparing indium 
nanoparticles include the mechanical dispersion of melted indium metal in 
mineral oil,[4] decomposition of Cpln in slightly wet anisole,151 and chemical vapor 
deposition.161
Although not directly related to the work presented in this thesis, given the 
existence of inverse-sandwich cations involving two univalent indium atoms 
bound to either face of a Cp* ring,12 ,31 as well as the propensity for indium to bind 
to multiple aromatic rings of significant steric size such as mesitylene,[7] it should 
be possible to generate novel anions of the form [(^5-Cp’)2 ln]' (Cp’ = Cp, Cp*). 
This type of structure should be accessible through a modification of the rationale 
that the aforementioned inverse sandwich cations are made. By taking Cp’ln and 
combining it with one equivalent of Cp’X (X = [NnBu4]+, [K-18C6]+, [Li-18C6]+) in a 
solvent such as diethyl ether, the anionic indium sandwich compound should be 
readily isolated. An alternative route could involve the combination of ln2Cl4  with 
two equivalents of Cp’X in order to mimic the synthetic path through which the 
mesitylene complex is formed. These synthetic pathways are illustrated in 
Scheme 10. The preparation of this type of anion would make for an interesting 
extension of the aforementioned arene coordination chemistry already 
established for indium(l), especially considering an analogous anion has already 
been reported forthallium.[8]
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Scheme 10. Potential synthetic routes for the synthesis of the anion [Cp’2 ln]'
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